Measurements of 226Ra and 228Ra in the Amazon
of the suspended matter indicate that particulate radium contamination is much less than 10% and well within the analytical precision.
The suspended solids and radium data from station 38 are somewhat questionable. The water was extremely shallow, and it is possible that the high suspended solids were due to turbulent resuspension caused by the ship's cycloids (Note: the depth contours shown in Figure 1 are only approximate). Cycloid usage was limited as much as possible at subsequent stations. Since the samples were allowed to settle before the radium was extracted, there was ample time to come to exchange equilibrium. Any artificially induced suspended matter in the sample would result in an increased dissolved radium concentration.
The suspended particulate matter, 226Ra, 228Ra, and 228Ra/226Ra data are plotted against salinity in Figures 2-4 . Both 226Ra and 228Ra concentrations increase with salinity from the river end-member (station 44) to a maximum value near 20%0 salinity. Both concentrations then decrease to the ocean end-member value (station 33). The 228Ra/226Ra activity ratio also increases with salinity from the river endmember. The ratio levels off through the mid-salinity range then finally drops to the ocean ratio above a salinity of 32.5%0. Although the near-surface suspended particulate matter data exhibit more scatter than the radium data, a broad maximum in the mid-salinity region of the estuary is still prominent. The maximum in suspended matter coincides with the radium isotope maxima.
DISCUSSION

Hydrography
Samples were collected at the end of the dry season, which is the time of lowest river discharge. On December 13, just prior to sampling, the river discharge measured at Obidos was 123,000 m3/s (J. Richey, personal communication, 1983). The mean annual discharge is 175,000 m3/s [Oltrnan, 1968] . The general hydrographic state of the estuary during the December sampling period can best be described by contrasting it to the detailed data of Edmond et al. [1981] , which were taken in May 1976 during high discharge (230,000 m3/s at Obidos).
The spatial variation of surface salinity at low discharge closely resembled the data collected at high discharge. However, the salt wedge was not nearly as well developed at low discharge. The difference between surface and bottom salinity never exceeded 13%o, and strong stratification was seen only for surface salinities greater than 21%o. At high discharge the maximum surface-to-bottom difference approached 30%0. This contrast in salt wedge development in the estuary is suggestive of "river dominated" conditions at high discharge and "tidally dominated" conditions at low discharge.
On the same day that the discharge was measured the total suspended load of particles (less than 63 #m) at Obidos was 238 mg/kg (R. Meade, personal communication, 1983) , which is considerably higher than the annual mean of 163 mg/kg [Meade et al., 1979] . The total suspended load at the river end-member during our investigation was 114 mg/kg near the surface and 127 mg/kg near the bottom. The large difference between the suspended load we measured at station 44 and that measured by Meade et al. at Obidos is probably due to different sampling methods. His value is an integrated average across the entire channel, an average obtained by using equipment designed to collect suspended matter, while ours is a spot sample taken from a Niskin bottle.
During this work, at low discharge, suspended matter concentrations peaked at intermediate salinities with values sig- 
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1979. If this water were mixed with enough surface seawater to produce a salinity of 22%0, the silica would be about 21 #m/kg.
The difference between this calculated value and the measured value (6-10 #m/kg) implies a silicate loss of 10-15 #m/kg, which agrees with DeMaster et al. 's [1983] biological uptake estimates for the region. The Para River explanation for the silicate discontinuity is also consistent with the surface salinity distribution. There was a very broad band (31 km) of water with salinities between 21 and 25%0. More than half the width of this band had a salinity between 21 and 22%0. This relatively isohaline band was followed by a strong salinity gradient from 21 to 15%0 in a distance of only 9 km. Surface nutrients and suspended solids increased dramatically in the strong gradient zone. These distributions are consistent with what one might expect in the shear zone between two major river plumes.
An alternative explanation for the decrease in nutrients and particulate matter at 22%0 is that this water is a remnant of another circulation regime or that biological activity was high in that area. The biological explanation is unlikely, since very few tests were observed in any of the suspended matter collected during this study.
Radium Distribution
Radium and barium are generally considered to be chemical analogs. Boyle [1976] reported barium data for the Amazon estuary during high discharge (June 1974). He found a sharp increase in barium concentrations from 0 to 5%0 salinity. Above 5%0 salinity the barium concentration decreased linearly to the ocean end-member value. The sharp increase was attributed to desorption from suspended particulate matter. This is consistent with the suspended solids distribution with salinity mentioned above, i.e., rapidly decreasing particle concentration with increasing salinity in the low-salinity region of the estuary during the high-flow regime.
Three previous studies that included radium measurements have been made in the Amazon. Moore [1967, 1969] *Sample taken as surface soak rather than being pumped aboard.
• The only previous radium data in high-salinity water for this area are Dion's [1983] . His values for 228Ra and 226Ra at high salinity fall on the trends of our data indicating that his highest-salinity stations included a shelf/estuary component. For salinities between the freshwater and oceanic components the data presented here are generally comparable to Dion's [1983] . Both isotope concentrations increase to a broad maximum in the mid-salinity range of the estuary. One important difference in the two data sets is that no compelling evidence of biological radium removal was found during this study. Plankton blooms are common in the Amazon estuary, but none were observed during the December 1982 sampling. Diatoms were very rare on filters, in contrast to high-flowregime sampling when filters are often clogged by diatoms (R. Stallard, unpublished data, 1983). As pointed out earlier, the silica-salinity trend is linear. If biological removal was important in estuarine waters with salinities less than 20• during December, it would have been reflected in the silica data.
The fact that the 228Ra/226Ra ratio is higher in the midsalinity region of the estuary than at the end-members indicates that there is an additional source to the estuary besides the ocean and river end-members. The only reasonable source is sediments within the estuary and along the adjacent shelf. where along an extension of the linear salinity-radium line at a salinity greater than 21%o. This radium-enriched water could be interpreted as water that has had extensive exposure to shelf sediments. The problem with this interpretation is that it fails to account for the nonconservative desorption of radium in the estuary from river borne sediments and the addition of radium from estuarine sediments. Furthermore, no evidence was found of the large water mass of salinity greater than 21%o with appropriate radium isotope concentrations that would be required for the conservative mixing scenario. The linear trend is probably due to the intensity of mixing in the 0-21%o salinity zone.
MASS BALANCE CALCULATIONS
The mid-salinity maxima in dissolved 226Ra and 228Ra are caused by mixing Amazon River water and surface ocean water with a significant additional radium input into the estuary. In order to describe the mass balance of radium throughout the estuary, the individual sources and sinks must be quantified. Previous investigations of radium in estuaries did not have the benefit of sufficient high-precision 2ZSRa and 226Ra data to differentiate addition via desorption from riverborne suspended matter and addition by diffusive flux from bottom sediments and desorption from resuspended bottom sediments. This data set is still insufficient to absolutely separate all the different processes. However, the model used below is based on a minimum number of assumptions, which are no more restrictive than necessary.
River Flux
The flux of labile radium into the estuary can be calculated for December 1982 by using estimates of the dissolved radium concentration in the river and river discharge along with estimates of exchangeable radium on the river-borne sediments and the total river sediment transport. Probably the best method for estimating exchangeable radium would be to perform a series of desorption experiments (similar to those reported by Li and Chan [1979] for the Hudson estuary) on samples of total suspended solids taken from river water upstream of the estuary. The only assumptions needed with this approach are that the samples are representative and that estuarine conditions causing desorption can be duplicated in the laboratory. Time and equipment constraints precluded this type of sampling during this expedition. We have begun a set of desorption experiments using bottom sediment from the river; however, these results may be biased because of size An extreme upper limit for the desorption can be obtained by assuming that all of the particulate radium at the river end-member is adsorbed and that all of it is released in the estuary. This would result in a desorptive 2:aRa addition to the estuary of 2.59 + 0.21 dpm/g. The point of this discussion is that, even though our estimate of 0.9 dpm/g is tenuous, it should be good to a factor of approximately 2 (i.e., the desorbed ::aRa is between 0.6 and 2.6 dpm/g) and is probably quite a bit better than that.
Since the chemistry of the two radium isotopes is identical, the comparable :28Ra source term can be calculated from the desorbed 226Ra value and 228Ra/226Ra in the river, assuming, as before, that the radium dissolved in the river and adsorbed on the river-borne suspended matter is in ion exchange equilibrium. The resulting desorbed 228Ra source is 1.4 dpm/g. We feel that it is better to use this method for 228Ra than to utilize the method just used for 226Ra. The reequilibration problem mentioned above for 226Ra would be much more severe for 228Ra because of the very large fraction of the total estuarine concentration of 228Ra derived from the sedimentary source term (see below). These data and the resulting river flux values are summarized in Table 5 .
Estuarine Radium Distribution
The four components used to describe the chemical mass balance of total radium in the Amazon estuary are (1) Rao, radium dissolved in ocean water that mixes conservatively into the estuary;
(2) Rap, radium dissolved in river water that mixes conservatively into the estuary.
(3) Ra^, adsorbed radium that desorbs from suspended matter being newly supplied to the estuary by the river; and (4) Rax, the net addition of radium resulting from diffusive flux from the sediments, desorption from particles resuspended from the bottom sediments, resorption of radium at estuarine ratios onto particles, and radium removed from solution in the estuary by biological activities.
The distribution with salinity for each of the four components for both •6Ra and •SRa is to be estimated. This gives eight unknowns, thus requiring eight equations. The four sources can be expressed as two mass balance equations--one by assuming that the isotopic ratio 228Ra/226RaA is constant throughout the estuary. It was previously assumed that riverborne particulate matter is at exchange equilibrium when it enters the estuary. The radium that desorbs from river-borne particulate matter in the estuary will thus have the same 228Ra/226Ra ratio as the river end-member, i.e. (from Table 5 ), 228Ra/226RaA --1.5 q-0.2
Actually there is a continuous reequilibration of particulate radium with dissolved radium as sediment moves through the estuary. As a result the data in Table 4 cannot be used to check the validity of this assumption.
The final equation is obtained by assuming that 228Ra/ 226Rax is constant throughout the estuary. There is no simple way to measure this ratio. Its value is estimated by using equations (1) and (2) to calculate 226Rax and 228Rax. RaE is measured for both isotopes, and Rao and RaD can be obtained from equations (3), (4), (5), and (6). Therefore, only an estimate of RaA is needed in order to calculate Rax. This estimate is made as follows. First, it is assumed that all radium desorption from river-borne particles (the RaA component) has occurred by the time the particles have reached water with a salinity of 20%0 and that the desorbed radium will behave conservatively at salinities greater than 20½00. Existing data on the behavior of radium and barium in estuaries [e.g., Elsinger One can now obtain an estimate of 226Ra^ for salinities greater than 20%00 by using an equation defining the line connecting the points (S--0%0, 226Ra--22.1 dpm/100 L) and (S --36.4%0, 226Ra--0 dpm/100 L), where the value 22.1 dpm/100 L is the total 226Ra concentration resulting from desorption from river-borne particulate matter ( Due to the small denominator effect, two of the samples have a rather high ratio. In order to avoid giving undue weight to these numbers, the geometric mean rather than the arithmetic mean is used to obtain a "best estimate 
Apparent Radium Flux
In the past the standard procedure for estimating the riverinc flux of a particle reactive species has been to (1) fit a straight line to the "linear" portion of the concentration vs. salinity plot, (2) extrapolate this line to the intercept at zero salinity, and (3) multiply this value by the river discharge to get an apparent river-estuary flux. Using this procedure, the intercept values for 226Ra and 228Ra are 37.2 _+ 2 dpm/100 L and 100 _+ 13 dpm/100 L, respectively, and the resulting apparent fluxes are 14 x 101½ dpm/yr and 62 x 101½ dpm/yr.
Comparing these apparent fluxes to the total river fluxes from By measuring the concentration of both ::aRa and 228Ra throughout the estuary and having an estimate of the radium added to the estuary by desorption from river-borne particles, it is possible to separate and quantify the input from four sources: (1) radium dissolved in river water, (2) radium dissolved in ocean water, (3) radium desorbed from river-borne particles, and (4) a "sedimentary flux" source, which includes diffusion from coastal and estuarine sediments, desorption from resuspended particles, and biological removal. It remains to be established what role the Amazon River has in maintaining or changing the "sedimentary flux." Finally, it must be reemphasized that the data and calculations presented here represent only two sampling days. Yearly, seasonal, and shorter time scale changes may be significant.
